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a  b  s  t  r  a  c  t
The  applicability  of laboratory  bioassays  to diagnose  ivermectin  (IVM)  resistance  in  Rhipi-
cephalus  microplus  was  evaluated.  Adult  immersion  tests  (AITs),  larval  immersion  tests
(LITs)  and  larval  packet  tests  (LPTs)  were  performed  to characterise  the  effects  of  ivermectin
toxicity on adults  and  larvae  of a susceptible  reference  strain.  The  AIT  was  determined  to
be a reasonable  assay  but  requires  a  large  number  of individuals  to  attain  interpretable
results.  The  LIT  and LPT  were  validated  with  an  IVM  resistant  strain,  revealing  resistance
ratios  (RRs)  of  6.73  and  1.49, respectively.  In a  ﬁeld  survey,  nine  different  populations  of
cattle tick  from  the  states  of  São  Paulo  and  Mato  Grosso  do Sul,  Brazil,  were  analysed  withiagnosis the  LIT.  Populations  without  previous  exposure  to ivermectin  exhibited  RRs  between  0.87
and 1.01.  Populations  previously  exposed  to  IVM  showed  RRs  between  1.83 and  4.62.  The
LIT was  more  effective  at discriminating  between  resistant  and  susceptible  populations
than  the  LPT.  The  use  of  the  LIT is  recommended  for  the  diagnosis  of  ivermectin  resistance
in  R. microplus.. Introduction
Rhipicephalus microplus (Canestrini, 1887) is considered
he most important parasite of cattle in terms of economic
osses and damage to animal health (FAO, 2004). The use
f acaricides is the major method for controlling these
icks in Brazil, where the local issue of acaricide resistance
s critical because of growing resistance to organophos-
hates (Patarroyo and Costa, 1980), synthetic pyrethroids
Fernandes, 2001), amitraz (Santamaría Vargas et al., 2003),
vermectin (IVM) (Martins and Furlong, 2001) and ﬁpronil
Castro-Janer et al., 2010b).IVM, which is an endectocide of the chemical group
acrocyclic lactones (ML), has been used since 1981
Bloomﬁeld, 1988) for the control of internal and
∗ Corresponding author Tel.: +55 1130917273; fax: +55 1130917417.
E-mail address: gmklafke@usp.br (G.M. Klafke).
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304-4017 © 2011 Elsevier B.V. Open access under the Elsevier OA license.external parasites of cattle and is one of the most com-
monly used drugs for the control of R. microplus in Brazil
(Mendes et al., 2011). It is known that a high number of
treatments for long periods can select for resistance of R.
microplus to acaricides (Kunz and Kemp, 1994). However,
there is little information about IVM resistance.
The resistance of the cattle tick to IVM was ﬁrst detected
in Brazil in 2001 in the state of Rio Grande do Sul (Martins
and Furlong, 2001) and later in the state of São Paulo, Brazil
(Klafke et al., 2006), two  important Brazilian states for the
production of dairy cattle (IBGE, 2008). The resistance to
IVM was  recently detected in dairy and beef ranches in
Mexico (Perez-Cogollo et al., 2010a,b) and beef ranches in
Uruguay Castro-Janer et al. (2011).  This phenomenon might
be explained by the increase in the use of ML  to control
© 2011 Elsevier B.V. Open access under the Elsevier OA license.cattle ticks in the last 10 years as an alternative to other
acaricides to which the ticks had already developed resis-
tance. In addition to being favourable to the development
of resistance, the intensive and irresponsible use of ML  for
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controlling the parasites of dairy cattle can lead to the pres-
ence of unacceptable levels of drug residues in milk and
its derivates (Chicoine et al., 2007; Imperiale et al., 2009)
and affect the beneﬁcial entomofauna of dung (Floate et al.,
2002).
Worldwide, the diagnosis of resistance to acaricides has
been performed primarily through bioassays. Molecular
markers have been used for the diagnosis of resistance to SP
in ﬁeld populations of cattle ticks in Mexico (Guerrero et al.,
2002; Rosario-Cruz et al., 2009) and Australia (Morgan
et al., 2009), and these markers have been developed for
the diagnosis of resistance to coumaphos (Temeyer et al.,
2010). However, there are no molecular markers for all the
classes of acaricides, which is an important requirement
for resistance monitoring programs. The in vitro bioassays
are relatively simple and inexpensive and require only sim-
ple equipment (Scott, 1995). The most common tests used
for the detection of resistance are adult immersion test
(AIT) (Whitnall and Bradford, 1947), larval packet test (LPT)
(Stone and Haydock, 1962) and larval immersion test (LIT)
(Shaw, 1966).
The AIT uses engorged females that are immersed in
solutions made with technical or commercial acaricides
and is based on the comparison of the rate of oviposition
between treated and untreated groups. The eggs can be
analysed by weight and viability. The mortality of females
can also be evaluated, which reduces the time necessary to
obtain results (1–2 weeks) compared to the time required
to determine hatchability (5–6 weeks). The most widely
used protocol is that of Drummond et al. (1973) in which
the concentration indicated on the label of the commercial
acaricide is used to differentiate susceptible and resis-
tant ticks. The limiting factor for the AIT is the number of
engorged females used, which is not always sufﬁcient to
obtain reliable results (Jonsson et al., 2007). Larvae tests
are an alternative because the number of individuals that
can be obtained in the laboratory is much higher, allowing
the use of a wide range of concentrations from different
acaricides. The response is measured in the percentage of
mortality of larvae. The results are obtained 5–6 weeks after
the collection of adults. Currently, the FAO recommends the
LPT for the diagnosis of acaricide resistance (FAO, 2004).
For ivermectin, laboratory bioassays have been used
since 1999. Benavides and Romero (1999) performed
preliminary assays to standardise the LIT protocol with
a commercial formulation of IVM. However, only slight
differences in responses were observed between a multi-
resistant strain and a susceptible lineage. Laboratory tests
with MLs  were carried out with larvae and adults of R.
microplus in Australia (Sabatini et al., 2001). The authors
tested a susceptible strain, Yeerongpilly, against commer-
cial and technical formulations of MLs, established their
lethal concentrations and determined the discriminating
dosages for the detection of resistance to MLs  in Australia.
In Brazil (Klafke et al., 2006) and Mexico (Perez-Cogollo
et al., 2010a,b), the existence of IVM-resistant populations
was conﬁrmed using the LIT technique. Currently, the
LIT is been used to monitor IVM resistance in cattle tick
outbreaks occurring in the USA (Miller, R.J., 2010 – personal
communication). In Uruguay, the LIT was demonstrated
to be a very sensitive assay, with which it was possible totology 184 (2012) 212– 220 213
diagnose IVM resistance in some populations of cattle ticks
before this resistance could be observed through efﬁcacy
failures or complains from ranchers (Castro-Janer et al.,
2011).
In this article, we  present a critical analysis of the per-
formance of classical tests to detect acaricide resistance in
the diagnosis of resistance to IVM in R. microplus.
2. Materials and methods
2.1. Ticks
The following strains of R. microplus were used: Mozo,
originating in Uruguay, is the FAO reference strain to diag-
nose acaricide resistance in Latin America; ZOR, originating
in the municipality of Ipiguá (state of São Paulo, Brazil), was
isolated from an IVM-resistant ﬁeld population in February
2008 and maintained under selection for resistance to IVM.
Both strains were maintained at the Instituto Biológico de
São Paulo, Brazil.
The ﬁeld populations were collected in ranches located
in the states of São Paulo (populations APO, TPA, FIG, JS,
AR, PIQ, STO and VIS) and Mato Grosso do Sul (popula-
tion StaP). Three populations (JS, AR and StaP) have never
been exposed to ivermectin. The populations APO, TPA, FIG,
PIQ, STO and VIS had been exposed to ivermectin for three
consecutive years prior to the collection of ticks.
2.2. Hosts
Six-month-old calves (Holstein-Friesian), free of
ticks, were housed in individual stalls (measurements:
2.30 m × 3.00 m) located in an experimental barn, in
which they remained isolated. During the experiment,
the animals had free access to hay, rations, mineral salt,
vitamins and water. The handling procedures of the
animals followed the rules of the ethics committee of the
Institute of Biomedical Sciences of the University of São
Paulo (protocol number 44/05-CEEB/ICB).
2.3. Maintenance of tick colonies
The IVM-resistant strain (ZOR) was  kept under selective
pressure in calves treated with subcutaneous injections of
1% ivermectin at the label rate (200 g/kg) (IVOMEC® –
Merial Saúde Animal, Campinas, Brazil) at the time as the
artiﬁcial infestation with 200 mg  of larvae (approximately
4000 individuals). In the present study, the fourth genera-
tion of the ZOR strain was used (ZORF4). This generation of
larvae was  obtained from 161 engorged females that had
been recovered from a calf treated with IVM. The suscep-
tible strain (Mozo) was maintained in cattle as described
above, without acaricide treatment.
2.4. Preparation of ticks
At least 50 engorged and/ or partially engorged females
from the ﬁeld populations were manually collected on the
host animals and sent to the laboratory in 300 ml  plastic
canisters, closed with a perforated lid to allow air passage,
inside a polystyrene box. Engorged females of the reference
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trains (ZOR and Mozo) were collected after their natu-
al detachment from the host. The preparation of ticks in
he laboratory was performed according to the FAO pro-
edures (FAO, 2004). After being washed with water and
ried with paper towels, the ticks were weighed and ﬁxed
orsally with the help of double-sided sticky tape in the lid
f a plastic petri dish (100 mm diameter × 22 mm high). The
icks were incubated in an environmental chamber, in the
ark, under temperatures between 27 and 28 ◦C and rela-
ive humidity between 85 and 90% for two weeks to allow
viposition. The egg masses were thoroughly mixed, sepa-
ated and incubated in glass vials (5 ml)  closed with a cotton
id to allow air and humidity passage and kept under the
ame conditions as the adult females to allow the hatch-
ng of larvae. For tests with larvae, specimens used were
etween 14 and 21 days old (FAO, 2004).
.5. Bioassays
The tests were conducted with technical ivermectin
technical grade 95.7%, Agromen Chemicals Co. Ltd., Hang
hou, China, Batch number 7231104). Initially, the toxicity
roﬁles of ivermectin were determined in adults and larvae
f the susceptible strain of R. microplus (Mozo). The fourth
eneration of the IVM resistant strain was used to validate
he tests with larvae.
For the diagnosis of resistance, LIT with IVM was applied
o all ﬁeld populations collected, and LPT was applied only
hen the amount of larvae was sufﬁcient to run both tech-
iques. All of the larval tests with ﬁeld populations were
erformed in triplicate and simultaneously with the sus-
eptible strain.
.6. AIT
Different immersion times were used for the standardi-
ation of AIT with IVM (one, ﬁve and thirty minutes). Three
arameters were recorded: mortality, egg mass weight and
ercentage that hatched. To prepare the immersion solu-
ions, an initial solution of 4% IVM was prepared in 20 ml
f 60% ethanol (Synth, Diadema, Brazil) in distilled water.
o avoid precipitation, technical IVM was ﬁrst diluted in
2 ml  absolute ethanol, and then 8 ml  distilled water was
dded to the solution. Next, this initial solution was seri-
lly diluted (50%) in 10 ml  of 60% ethanol so that immersion
olutions with the following concentrations were obtained
% of IVM): 4, 2, 1, 0.5, 0.25, 0.125, 0.0625, 0.0312 and
.0156. The control group was immersed in 60% ethanol
ithout acaricide. Between 5 and 9 dilutions were tested by
ssay, depending on the availability of ticks. Homogeneous
roups of 10 healthy engorged females were assembled
ccording size (6 to 7 mm)  and weight (0.25 to 0.3 g) and
hen immersed in 10 ml  of the ivermectin solution inside a
0 ml  glass beaker. Immediately after discarding the solu-
ion, the ticks were dried with paper towels and incubated
n plastic Petri dishes in an environmental chamber at
7–28 ◦C and 85–90% relative humidity, in the dark. Seven
nd fourteen days after treatment, the egg-mass weight
as recorded. After six weeks, the percentage of larval
atching was registered by visual estimation of the amounttology 184 (2012) 212– 220
of  empty eggs in relation to the total egg-mass, within a
variation of 5%.
2.7. LPT
Initially, a stock solution of 1% IVM was prepared in
a mixture containing two  parts trichloroethylene (Synth,
Diadema, Brazil) and one part commercial olive oil (TCE-
OO). This stock solution was  used to prepare the following
impregnation solutions in TCE-OO (in parts per million –
ppm of IVM): 4000, 3000, 2500, 2000, 1800, 1500, 1200,
1000, 800, 500 and 300. A 750 mm ×850 mm ﬁlter paper
(Whatman No. 1, Whatman Inc., Maldstone, England) was
impregnated with 0.67 ml  each of the solutions using an
eight-channel micropipette. The material was  left to dry
for 24 h at 25 ◦C to allow for TCE evaporation. After drying,
the ﬁlter papers were folded in the middle and sealed on
the sides with a metal clip to form the packets. Approxi-
mately 100 larvae were transferred to each packet using a
paintbrush. The packets were sealed with a third clip and
incubated at 27–28 ◦C and 80–90% relative humidity. The
control group was  exposed to the ﬁlter paper impregnated
with acaricide-free TCE-OO. After 24 h, the larvae mortality
was  determined by counting the total dead and alive indi-
viduals. Larvae that were paralysed or moving only their
appendices without the capability to walk were considered
dead. Twelve and three tests were performed in triplicate
with the strains Mozo and ZOR, respectively.
2.8. LIT
Initially, a solution of Triton X-100 2% (Sigma–Aldrich)
was  prepared in absolute ethanol (ETH-TX2%). The techni-
cal IVM was  diluted to 1% in 10 ml  the ETH-TX2% solution in
order to prepare a stock solution, which was stored at 4 ◦C
for no more than a week. At the time of testing, 100 l of the
stock solution was added to 9.9 ml  distilled water so that
the following ﬁnal concentrations were obtained 100 ppm
IVM, 1% ethanol and 0.02% Triton X-100. This initial solu-
tion (100 ppm IVM) was  serially diluted 10 times at a 30%
rate in a diluent composed of 1% ethanol and 0.02% Triton
X-100 in order to obtain the ﬁnal immersion solutions with
the following concentrations (in ppm of IVM): 100, 70, 49,
34.3, 24, 16.8, 11.7, 8.2, 5.7, 4.0 and 2.8. As a control, dilu-
ent without acaricide was used. Five hundred microlitres
of each immersion solution was distributed in three 1.5 ml
microcentrifuge tubes. Using a paintbrush, approximately
100 larvae were transferred to each tube, which was  then
closed and shaken vigorously to ensure sinking of the lar-
vae. After 10 min  of immersion, the larvae were taken off
the tube with a clean paintbrush, allowed to dry on a piece
of paper towel, then transferred to a packet of ﬁlter paper
folded in the middle and closed on the sides with metal
clips. After adding the larvae, the packet was sealed with
a third clip and incubated in an environmental chamber at
27–28 ◦C and 85–90% relative humidity in the dark. After
24 h, the larvae mortality was  determined by counting the
total number of dead and alive individuals. Larvae that were
paralysed or moving only their appendices without the
capability to walk were considered dead. Thirty-two and
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Table 1
Comparison of ivermectin toxicity for the Mozo strain of Rhipicephalus microplus determined with the adult immersion test at different times of immersion.
Time (min) N n Variable Slope ± SE t R2 LC50a (CI 95%) LC90a (CI 95%)
1 20 168 Mort 8.71 ± 0.48 17.98 0.679 0.089 (0.069–0.115) 5.391 (4.061–7.159)
EW7d −0.05 ± 0.002 −21.59 0.749 0.023 (0.015–0.034) 0.782 (0.538–1.135)
IFER  −0.02 ± 0.001 −21.35 0.748 0.023 (0.015–0.035) 0.778 (0.538–1.126)
IFEC −0.015  ± 0.001 −16.29 0.634 0.008 (0.007–0.010) 0.252 (0.203–0.313)
5 8 64 Mort  11.35 ± 1.35 8.37 0.659 0.006 (0.004–0.009) 0.463 (0.307–0.705)
EW7d −0.028 ± 0.003 −9.14 0.706 0.009 (0.003–0.029) 0.183 (0.109–0.307)
IFER  −0.01 ± 0.001 −9.43 0.719 0.009 (0.003–0.029) 0.185 (0.109–0.310)
IFEC  −0.002 ± 0.0003 −6.80 0.574 0.0037 (0.0035–0.0038) 0.064 (0.056–0.073)
30 4  35 Mort 10.25 ± 0.92 11.04 0.675 0.0007 (0.0005–0.0008) 0.436 (0.289–0.657)
EW7d −0.018 ± 0.001 −13.04 0.745 0.0102 (0.0052–0.0203) 0.174 (0.124–0.244)
IFER  −0.007 ± 0.005 −13.08 0.746 0.0102 (0.0052–0.0203) 0.174 (0.125–0.244)
IFEC  −0.004 ± 0.0004 −11.37 0.686 0.0041 (0.0031–0.0056) 0.071 (0.06–0.084)
N, number of trials; n, number of observations; variables: Mort, mortality; EW7d, weight of egg mass at 7 days; IFER, index of fertility; IFEC, index of
tion; LC,fecundity; SE, standard error; t, Student test; R2, coefﬁcient of determina
a Values in % of active ingredient.
three tests were performed in triplicate with the strains
Mozo and ZOR, respectively.
2.9. Statistical analysis
The software Intercooled Stata 10 (Stata Corp., 2007)
was used to analyse the data obtained from the standard-
isation of bioassays with larvae and adults of the Mozo
strain.
For AIT, analysis was conducted as proposed by Castro-
Janer et al. (2009).  The following variables were studied:
(1) mortality (engorged females that produced eggs were
considered alive, and females that did not produce any
eggs were considered dead); (2) egg mass weight (EW), 7
and 14 days after treatment; (3) index of fertility (IFER), 7
and 14 days after treatment, calculated as egg mass weight
(g)/weight of females (g); and (4) index of fecundity (IFEC),
14 days after treatment, calculated as IFER × percentage of
larval hatching.
For the larvae tests, a probit analysis was run on
the mortality results using the software Polo-Plus (LeOra
Software, 2003). For each test, the following parameters
were determined: lethal concentrations for 50% and 90%
(LC50 and LC90) with conﬁdence intervals of 95% (CI 95%),
and the slope of the regression line. The resistance ratios
(RR50 and RR90) and their CI 95% were generated with
the software Polo-Plus using the formula described by
Robertson et al. (2007).  The signiﬁcance of each comparison
was determined when the calculated conﬁdence intervals
(CI 95%) did not overlap. For the diagnosis of resistance, the
three categories established by Castro-Janer et al. (2011)
were used: (1) susceptible, when the LC50 (CI 95%) of the
ﬁeld population is not statistically different from the refer-
ence strain; (2) incipient resistance, when the LC50 (CI 95%)
Table 2
Toxicity of ivermectin evaluated by the larval packet test (LPT) and larval immers
Test N n R2 t Slope ± SE 
LPT 27 286 0.911 53.37 5.88 ± 0.09 
LIT  96 957 0.799 37.86 3.57 ± 0.02 
N, number of trials; n, number of observations; R2, coefﬁcient of determination; t
intervals; ppm, parts per million of active ingredient. Different letters (a–d) in th lethal concentration; CI, conﬁdence interval.
of the ﬁeld population is statistically different from the ref-
erence strain with RR50 < 2; and (3) resistant, when the LC50
(CI 95%) of the ﬁeld population is statistically different from
the reference strain with RR50 ≥ 2.
3. Results
The AIT results at different immersion times, obtained
with the Mozo strain, are presented in Table 1. In all of the
tests, the mortality, EW and IFER parameters presented a
small CI 95% amplitude. Higher coefﬁcients of regression
were obtained for the variables EW and IFER, and the LC50
of these two  variables were not signiﬁcantly different. The
calculated LC50 for mortality and IFEC were signiﬁcantly
different from those determined for EW and IFER. IFEC
exhibited higher variation independently of the immer-
sion time, with a high CI 95%. Higher mortality of engorged
females was  observed as the time of immersion increased.
For the variables EW,  IFER and IFEC, the toxicity of IVM at
5 min  was higher than that at one minute, and there was no
difference between these variables at 5 or 30 min  of immer-
sion. Fig. 1 represents the correlation between EW 7 and
14 days after immersion. There was  a high positive associ-
ation between the two variables, indicated by a coefﬁcient
of correlation (r) of 0.971.
The results of the LPT and LIT conducted with the Mozo
strain are shown in Table 2. The value of the coefﬁcient
of determination (R2) for the LPT and LIT were 0.911 and
0.799, respectively, indicating that the statistical model
was a good ﬁt. The IVM LC50 determined by LPT was  approx-
imately 90 times higher than the LC50 determined by LIT.
Tests performed on different days did not inﬂuence the
results (p value LPT = 0.415; p value LIT = 0.881), demon-
strating that both tests had good repeatability. Moreover,
ion test (LIT) with Mozo strain of Rhipicephalus microplus.
LC50(ppm)* (CI 95%) LC90 (ppm) (CI 95%)
1236.63a (1204.42–1268.11) 1843.12a (1775.24–1910.83)
15.59b 31.63b
, Student test; SE, standard error; LC, lethal concentration; CI, conﬁdence
e same column represent statistically different values (p < 0.05).
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Fig. 1. Correlation between the weight of the eggs measured 7 and 14 days after treatment, from females of R. microplus (strain Mozo), submitted to adult
immersion tests with ivermectin, n = 328 observations; R2, coefﬁcient of determination.
Fig. 2. Concentration–mortality curves determined from larval tests with ivermectin for R. microplus strains Mozo (susceptible) and ZORF4 (ivermectin-
resistant, fourth generation). Dashed lines represent 95% conﬁdence intervals: (A) larval immersion test (TIL) (n = 6); (B) larval packet test (TPL) (n = 3).
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low variance in the calculated LC50 was observed for LPT
(0.0007) and LIT (0.0008).
The LC50 and LC90 determined for the ZOR strain using
the LIT or LPT were signiﬁcantly higher than those deter-
mined for the Mozo strain. Well-differentiated slopes were
not obtained with the LPT. The RR90 determined through
the LIT was considerably higher than the RR50. Neverthe-
less, there was not much variation between these values
when determined by the LPT. The RR50 and RR90 values of
the ZOR strain determined by the LIT were 6.73 and 37.65,
respectively, and when they were determined with the LPT,
these values were 1.49 and 1.74, respectively. Therefore,
by the LPT, ZOR was considered as a strain with incipient
resistance (LC50 signiﬁcantly different from the Mozo strain
with RR50 < 2), whereas the LIT technique classiﬁed it as
resistant to IVM. The LCs and RRs values determined for
each test for the ZOR strain with their respective CI 95% are
shown in Table 3. Concentration–mortality curves obtained
with each validation assay are presented in Fig. 2.
The lethal concentrations for IVM obtained with the
LIT performed on the ﬁeld populations of R. microplus are
presented in Tables 4 and 5. All three of the populations
without a history of treatment with IVM (Table 4) pre-
sented no differences from the Mozo strain in their LC50 and
LC90, with RR50 and RR90 values ranging from 0.87 to 1.01,
and were considered susceptible to IVM. The populations
with history of treatment with IVM presented signiﬁcantly
higher LC50 and LC90 values and lower slopes than the sus-
ceptible reference strain Mozo, with all of them considered
resistant to IVM. Different levels of resistance were found.
The populations TPA and STO were diagnosed with incip-
ient resistance (RR50 < 2), and PIQ, FIG, VIS and APO were
diagnosed as resistant populations, with RR50 values rang-
ing from 2.27 to 4.94.
Table 6 presents the LCs and RRs determined with the
LPT for the Mozo strain and six ﬁeld populations with a his-
tory of exposure to IVM. Using this technique, none of the
populations tested presented an RR50 higher than 2. Five
populations (TPA, FIG, STO, VIS and APO) showed incipient
resistance (RR50 < 2), and PIQ was considered susceptible.
Only the populations FIG and STO exhibited an RR90 ≥ 2.
4. Discussion
Aiming to improve bioassay techniques, this paper
addresses methods adopted worldwide (FAO, 2004) for
the diagnosis of R. microplus resistance to acaricides: the
adult immersion test, the larvae packet test and the larvae
immersion test.
Regarding AIT, all of the measured variables have proven
to be appropriate for evaluating the response to treatment
with IVM independently of the time of immersion. How-
ever, IFEC exhibited higher variability between the assays
(Table 1), which could be related to the visual determi-
nation of the percentage of larval hatching and possibly
to the extended period spent in an environmental cham-
ber that could be subjected to variations in temperature
and humidity. Such variation in the IFEC was also observed
by Castro-Janer et al. (2009) with ﬁpronil. This condition
is associated with the high correlation between the egg
mass weight on the 7th and 14th days after immersion Ta
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Table 4
Larval immersion tests with ivermectin conducted with Rhipicephalus microplus from ﬁeld populations of the states of São Paulo and Mato Grosso do Sul,
Brazil, without previous exposure to ivermectin.
Population n 2 (df) Slope ± SE LC50 (ppm) (CI 95%) LC90 (ppm) (CI 95%) RR50 (CI 95%) RR90 (CI 95%)
JS 3278 31.5 (22) 3.39 ± 0.10 11.87 (11.27–12.51) 28.31 (26.14–30.93) 0.90 (0.85–0.96) 1.04 (0.951–1.14)
Mozo  3189 102.4 (22) 4.05 ± 0.12 13.09 (12.12–14.16) 27.12 (24.22–31.12) – –
AR 2528 56.9 (19) 4.17 ± 0.14 14.97 (14.02–16.03) 30.37 (27.30–34.60) 1.01 (0.96–1.07) 1.12 (1.02–1.23)
Mozo 2722 25.5 (14) 4.83 ± 0.20 14.77 (13.90–15.64) 27.18 (24.98–30.15) – –
StaP  1858 9.9 (17) 2.69 ± 0.10 18.92 (17.49–20.47) 56.59 (50.21–64.95) 0.87 (0.79–0.96) 1.05 (0.90–1.23)
Mozo  1495 13.8 (15) 3.23 ± 0.13 21.54 (20–23.25) 53.66 (47.95–61.12) – –
Mozo, susceptible control strain; n, number of individuals; 2, Chi-square; df, degrees of freedom; SE, standard error; LC, lethal concentration; ppm, parts
per  million of active ingredient; CI, conﬁdence intervals; RR, resistance ratio.
Table 5
Larval immersion tests with ivermectin conducted with Rhipicephalus microplus from ﬁeld populations of the state of São Paulo, Brazil, with previous
exposure to ivermectin.
Population n 2 (df) Slope ± SE LC50 (ppm)* (CI 95%) LC90 (ppm)* (CI 95%) RR50 (CI 95%) RR90 (CI 95%)
TPA 2407 107.3 (21) 2.31 ± 0.09 22.97* (19.89–26.96) 82.14* (62.87–118.99) 1.83 (1.70–1.97) 3.86 (3.36–4.45)
Mozo 2434 20.2 (15) 5.60 ± 0.24 12.55 (12.04–13.05) 21.33 (20.09–22.86) – –
PIQ  2546 7.6 (15) 3.76 ± 0.15 28.85* (27.54–30.31) 63.23* (58.01–69.81) 2.27 (2.14–2.41) 2.96 (2.66–3.29)
Mozo  2588 123.4 (15) 5.65 ± 0.20 12.67 (11.57–13.90) 21.36 (18.86–25.42) – –
FIG 2168 15.5 (21) 2.51 ± 0.10 47.49* (44.37–51.03) 153.89* (135.21–178.86) 4.48 (4.11–4.8) 6.88 (5.86–8.07)
STO  2218 21.4 (29) 2.55 ± 0.08 19.69* (18.52–20.93) 62.43* (56.75–69.45) 1.86 (1.71–2) 2.79 (2.46–3.17)
VIS  2289 25.5 (30) 1.68 ± 0.07 48.90* (44.25–54.59) 280.57* (226.84–360.62) 4.62 (4.11–5.19) 12.55 (9.81–16.05)
Mozo  2365 10.6 (21) 3.94 ± 0.14 10.57 (10.07–11.10) 22.36 (20.88–24.15) – –
APO  2211 48.4 (28) 1.78 ± 0.07 39.03* (34.44–44.81) 203.65* (157.68–281.01) 2.98 (2.68–3.32) 8.04 (6.50–9.94)
Mozo  1810 24.9 (22) 4.45 ± 0.22 13.06 (12.28–13.82) 25.38 (23.57–27.57) –
M  df, degr
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pozo, susceptible control strain; n, number of individuals; 2, Chi-square;
ntervals; ppm, parts per million of active ingredient; RR, resistance ratio
* Values statistically different of the LC for the Mozo strain within a tes
Fig. 1), which leads us to recommend the use of the EW7d
nd/or the IFER that is calculated on the same date to
valuate the toxicity of the drug through AIT. Moreover,
his approach permits obtaining results earlier than the
rummond test (Drummond et al., 1973), as it is per-
ormed only one week after the collection of ticks. The
se of the IFER determined seven days after immersion in
he calculation of toxicity to MLs  was proposed previously
Sabatini et al., 2001; FAO, 2004). The data obtained for this
resent paper validate these proposals with high statistical
eliability.
able 6
arval packet tests with ivermectin conducted with Rhipicephalus microplus of ﬁe
vermectin.
Population n 2 (df) Slope ± SE LC50 (ppm)* (CI 95%)
TPA 2167 25.9 (27) 3.22 ± 0.17 1564.9* (1469.3–1659.9
Mozo  2437 22.6 (21) 4.16 ± 0.25 1110.8 (1017.6–1210.2
PIQ  3235 157.2 (27) 3.27 ± 0.09 1282.4 (1155.7–1427.9
Mozo  1837 26.8 (22) 4.12 ± 0.25 1096.7 (1001.3–1193.9
FIG  1744 25.9 (21) 3.96 ± 0.21 2061.1* (1967.3–2169.7
VIS  2104 23.2 (26) 4.09 ± 0.25 2050.2* (1964.4–2142.8
STO  1911 22.5 (28) 3.73 ± 0.20 1381.9* (1313.3–1448.9
Mozo  1731 27.2 (25) 5.74 ± 0.27 1193.4 (1147.1–1238.2
APO 3073 52.2 (28) 5.64 ± 0.29 1339.1* (1255.2–1413.8
Mozo  1834 77.9 (15) 6.38 ± 0.39 797.7 (714.2–862.6) 
ozo, susceptible control strain; n, number of individuals; 2, Chi-square; df, deg
er  million of active ingredient; CI, conﬁdence intervals; RR, resistance ratio.
* Values statistically different of the LC for the Mozo strain within a test (p < 0.0ees of freedom; SE, standard error; LC, lethal concentration; CI, conﬁdence
5).
The toxicity of IVM in females was  positively inﬂuenced
by the time of immersion, similar to previous observations
made by Sabatini et al. (2001).  These authors used com-
mercial formulations of ML  and suggested that a 30-min
immersion should be used, as it promoted consistent inhi-
bition of egg laying. Furthermore, in the present study,
females were exposed to IVM at one and ﬁve minutes in
order to obtain a faster assay. Regardless of the time used,
it was possible to determine the LCs for IVM.
Using a 30-min immersion, the amount of technical
IVM needed for the bioassay could be decreased, starting
ld populations of the state of São Paulo, Brazil, with previous exposure to
 LC90 (ppm)* (CI 95%) RR50 (CI 95%) RR90 (CI 95%)
) 3911.9* (3564.8–4373.5) 1.41 (1.27–1.56) 1.24 (1.11–1.54)
) 3154.7 (2641.2–4052.9) – –
) 3165.8 (2705.4–3857.6) 1.17 (1.07–1.28) 1.42 (1.29–1.58)
) 2958.7 (2504.6–3747.7) – –
) 4342.5* (3898.9–4974.1) 1.73 (1.64–1.83) 2.18 (1.94–2.44)
) 4216.3* (3843.5–4733.2) 1.72 (1.63–1.81) 2.16 (1.93–2.41)
) 3046.8* (2824.1–3336.2) 1.16 (1.10–1.23) 1.53 (1.39–1.68)
) 1996.1 (1901.3–2111.9) – –
) 2258.1* (2129.3–2425.9) 1.68 (1.59–1.78) 1.78 (1.67–1.91)
1268.9 (1152.2–1484.4) –
rees of freedom; SE, standard error; LC, lethal concentration; ppm, parts
5).
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with serial dilutions at 1% of the active ingredient, which
would be an advantage. However, the 30-min immersion
presented more variation than the one-minute immersion.
Possibly, this higher variation is due to the fewer number of
assays conducted compared to the one-minute immersion
time, which suggests that more studies are needed to con-
ﬁrm this observation. The AIT was not performed with the
ZOR strain due to a lack of the number of ticks required to
reach statistical reliability. Nevertheless, the AIT protocol
developed in this work can be used elsewhere for compari-
son between resistant and susceptible populations in order
to evaluate its use for the diagnosis of IVM resistance.
One limiting aspect for the adult test is the high number
of individuals needed for a robust and accurate statisti-
cal analysis, as these numbers are not always available
(Jonsson et al., 2007). Larval tests are usually performed
with more than 100 individuals per group, and re-testing
is possible in most cases, favouring a strong analysis of
the data. When compared to adult tests, the larvae tests
with IVM (LIT and LPT) presented lower variance of LC50
(Table 2). Both presented small 95% conﬁdence intervals
and high coefﬁcients of regression, indicating good ﬁt to
the probit model (Robertson et al., 2007).
The toxicity of IVM by the LPT was lower than that by
the LIT. The LC50 of the LPT was 90 times the LC50 obtained
through larvae immersion (Table 2). These results agree
with those obtained by Sabatini et al. (2001) for moxidectin,
as well as with those obtained by Castro-Janer et al. (2009)
when performing tests with ﬁpronil.
The difference of toxicity of IVM observed between
the LIT and LPT could be attributed to the concentration
of the active ingredient absorbed by the larvae during
exposure to the drug. During immersion, the larvae are
soaked in the solution, and in addition to cuticular penetra-
tion, ivermectin can enter through the joints of the larval
appendices, resulting in more absorption. In LPT, the larvae
come into contact with ivermectin impregnated in the ﬁl-
ter paper; therefore, cuticular penetration is the only form
of entry. Thus, a smaller amount of the acaricide will be
absorbed, resulting in lower toxicity.
Both techniques were capable of detecting IVM-
resistant phenotypes in the ZOR strain, which exhibited
higher LC50 and LC90 than the Mozo strain (Table 3 and
Fig. 2). The LPT presented lower sensitiveness than did the
LIT. Only slight differences in response (LCs) were observed
between the ZOR and Mozo strains when tested with the
packet technique (Table 3 and Fig. 2B). Moreover, the RR50
and RR90 were much higher when determined by the LIT.
It must be stated that the resistant population ZOR was
maintained under selective pressure with IVM for four gen-
erations of survivors before these data were obtained. The
high sensitivity of the immersion test for the diagnosis
of resistance was previously observed for ﬁpronil (Castro-
Janer et al., 2009, 2010a,b). This characteristic is important
because the LIT, which is a more sensitive test, could detect
resistant phenotypes in a population even when present
at a low frequency, assisting the early diagnosis of resis-
tance to IVM in the ﬁeld. This result is similar to what was
previously observed by Castro-Janer et al. (2011).
To validate the larvae assays and, additionally, diagnose
IVM resistance in ﬁeld populations, tests were conductedtology 184 (2012) 212– 220 219
with specimens derived from engorged females collected in
nine different locations. Of the cattle tick populations that
never had been exposed to ivermectin (JS, AR and StaP),
there were no differences in LC50 and LC90 compared to
the Mozo strain (Table 4), validating the use of LIT in the
diagnosis of resistance to IVM.
The LC50 and LC90 obtained through LIT with the R.
microplus ﬁeld populations with previous exposure to
IVM were signiﬁcantly higher than the LC50 and LC90 for
the Mozo strain (Table 5). Different levels of resistance
were determined for these populations, classifying them
as incipiently resistant (TPA and STO) or resistant (PIQ,
FIG, VIS and APO). These data are similar to those found
in Mexico (Perez-Cogollo et al., 2010a,b), where the RR50
varied between 2.04 and 8.59 in different cattle tick popu-
lations submitted to a different number of treatments with
IVM. All of the populations analysed in the present study
have been exposed to IVM for at least 3 years, with 2–6
treatments per year, which could explain the heterogeneity
of the levels of resistance found.
The RRs obtained through the LPT with ﬁeld populations
were lower than those determined with the LIT (Table 5).
The packet test did not detect resistance in two popula-
tions (PIQ and STO) that were considered resistant by the
LIT (Tables 5 and 6). Combined with the results of the val-
idation assays with the ZOR strain, this lack of sensitivity
of the LPT allows us to recommend a preferential use of
the LIT for the diagnosis of resistance to ivermectin in R.
microplus.
The LPT failed to detect resistance in populations diag-
nosed as resistant by the LIT (TPA, PIQ, STO), and three
populations that were considered resistant by the LIT
exhibited incipient resistance when tested with the LPT
(FIG, VIS and APO). These observations reiterate the lower
sensitivity of the LPT technique for detecting IVM resis-
tance in R. microplus.  This observation, combined with the
need to validate the AIT technique against IVM resistant
populations, allows us to recommend the use of the lar-
val immersion test for the diagnosis of IVM resistance in R.
microplus.
The present paper provided a critical analysis and
improvement of the commonest methods available to
detect resistance to acaricides in order to detect IVM resis-
tance. Moreover, this paper reports a reliable, accurate, and
simple in vitro technique to detect IVM resistance in R.
microplus. These tests have been implemented and used in
the monitoring of resistance in the state of São Paulo, Brazil,
and revealed that resistance is widespread. The results also
indicate that there is an indiscriminate and irresponsible
use of ML  in dairy cattle in the area, with possible impli-
cations on food safety, compromising the sustainability of
the control of the cattle tick.
5. Conclusion
The larval immersion test involving IVM carried out in
this study was  demonstrated to be a valuable tool for the
diagnosis of resistance to this drug in R. microplus and can
be used to monitor the development of IVM resistance in
cattle tick ﬁeld populations.
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